INTRODUCTION
============

In recent years, the involvement of annexins in membrane recognition and trafficking has emerged as one of their predominant functions ([@B24]; [@B23]; [@B41]; [@B30]; [@B19]). Annexins are a family of structurally related Ca^2+^-regulated membrane-binding proteins. Among the 12 members of the mammalian family, annexins (Anx) A1, A2, A6, A8, and A13b have been particularly implicated in a variety of intracellular trafficking steps along endo- and exocytic pathways ([@B20]; [@B51]; [@B5]; [@B25]; [@B27]; [@B52]; [@B54]).

We and others have shown that AnxA6 is a highly dynamic protein involved in a number of cellular events linked to membrane transport. This includes the reorganization of the actin cytoskeleton at the plasma membrane (PM; [@B53]), the delivery of cholesterol from late endosomes to the Golgi and PM ([@B14]), the cholesterol-dependent recruitment of cPLA~2~ to the Golgi and its involvement in Golgi vesiculation ([@B13]), as well as signal transduction events at the cell surface and possibly on endosomes ([@B26]; [@B85]). On cell activation, AnxA6 is predominantly targeted to the PM. This possibly includes the association of AnxA6 with cholesterol-enriched membrane microdomains (lipid rafts, both caveolae and noncaveolae), although the potential role of AnxA6 in these membrane rafts is still unclear ([@B74]; [@B21]). Furthermore, we identified AnxA6 as a major component of rat liver endosomes ([@B34]; [@B61]). These findings correlate with the involvement of AnxA6 in low-density lipoprotein (LDL) receptor--mediated endocytosis ([@B35]; [@B29]) and the delivery of LDL-containing late endosomes to lysosomes for degradation ([@B63]). LDL-induced translocation of AnxA6 to late endosomes ([@B29]) correlates with the recruitment of AnxA6 to cholesterol-enriched late endosomes, which establishes a connection between AnxA6 and cholesterol ([@B15]).

Most relevant for the study presented here, cells expressing high levels of AnxA6 show an accumulation of cholesterol in late endosomes, which leads to reduced cholesterol levels in the Golgi and PM. Consequently, cholesterol-dependent caveolin-1 transport from the Golgi apparatus to the cell surface is inhibited, leading to reduced numbers of caveolae at the cell surface ([@B14]). Follow-up studies revealed that reduced cholesterol availability in AnxA6-overexpressing cells perturbs cytosolic phospholipase A2 (cPLA~2~) translocation to the Golgi, which is required to drive cholesterol-dependent vesiculation events (e.g., caveolin transport) from the Golgi apparatus ([@B13]). This indirect role for AnxA6 in the secretory pathway and in membrane microdomain formation at the PM is most likely relevant for a large number of cells and tissues, as high amounts of AnxA6 are commonly found in most mammalian tissues, with the exception of undetectable to low AnxA6 levels in epithelial cells of the small intestine, parathyroid gland, and colon, as well as in several cell and mouse models of cancer ([@B85]; [@B30]).

A number of studies identified a crucial role for cholesterol in PM localization of members of the SNAP receptor (SNARE) superfamily ([@B9]; [@B64]; [@B38]). Soluble *N*-ethylmaleimide-sensitive fusion protein 23 (SNAP23) is a ubiquitously expressed target membrane SNARE (t-SNARE) protein attached to the cytoplasmic leaflet of the PM through five palmitoylation moieties. Like SNAP25 and SNAP29, SNAP23 contains two tandem SNARE motifs separated by a linker region. Syntaxin-4 is another widely expressed t-SNARE anchored at the PM through a transmembrane domain. Syntaxin-4 is localized at the basolateral domain of MDCK cells and is important for polarized trafficking, epithelial polarity, and *trans*-Golgi network (TGN)-to-basolateral trafficking ([@B37]). SNAP23 binds to syntaxin-4 in vivo ([@B79]) and is involved in biosynthetic and endocytic recycling and transcytotic pathways to both PM domains of MDCK cells ([@B42]). Both SNAP23 and syntaxin-4 participate in fusion events along the secretory pathway and interact with different vesicle SNAREs (v-SNAREs), such as vesicle-associated membrane protein (VAMP) 2, 3, 7, or 8, depending on the cell type analyzed, to regulate lysosomal fusion with the PM ([@B67]), apical fusion in epithelial cells ([@B43]), GLUT4 translocation ([@B8]), or tumor necrosis factor α (TNF-α) secretion ([@B32]; [@B36]). Interestingly, syntaxin-4 and SNAP23 concentrate in cholesterol-rich clusters that partially colocalize with caveolin-1 in the basolateral PM of endothelial cells. It was proposed that this spatial organization may be required for efficient and rapid caveolar fusion with the target membrane ([@B64]).

Recently another t-SNARE, syntaxin-6, was implicated in cholesterol transport from late endosomes to the TGN ([@B84]). In addition, syntaxin-6 appears to regulate delivery to the cell surface of microdomain-associated lipids and proteins required for caveolae endocytosis ([@B10]). Thus interfering with either cholesterol export from late endosomes or the functioning of certain syntaxins seems to affect caveolin-1 transport and caveolae formation in a similar manner.

This prompted us to examine how differential levels of AnxA6 and the concomitantly induced alterations of cholesterol levels in late endosomes, Golgi, and PM would impact on the subcellular localization and assembly of a subset of t-SNARE proteins within the secretory pathway. Using AnxA6-overexpressing cells as a model for cellular cholesterol imbalance, we show a mechanistic relationship between late endosomal and Golgi cholesterol, cPLA~2~ function, and t-SNARE proteins involved in the post-Golgi exocytic pathway. Inhibition of cholesterol egress from late endosomes, followed by Golgi cholesterol depletion and cPLA~2~ inhibition, is responsible for the disintegration of syntaxin-4 and SNAP23 clusters from cholesterol-enriched PM microdomains. This is associated with the retention of SNAP23 and syntaxin-4, together with caveolin-1, in Golgi membranes and the increased formation of SNAP23/syntaxin-4--containing t-SNARE complexes.

These results are in agreement with our previous findings that AnxA6-induced changes in cellular cholesterol distribution inhibit caveolin-1 transport and suggest that t-SNARE dysfunction contributes to impaired caveolae formation in cells with high AnxA6 levels. Furthermore, current findings highlight the fact that AnxA6-mediated and cholesterol-dependent t-SNARE mislocalization also contribute to an impaired secretion of cargo through SNAP23/syntaxin-4--dependent constitutive exocytosis, and suggest that t-SNARE dysfunction adds to impaired caveolae formation in cells with high AnxA6 levels. The physiological consequences of AnxA6\'s potential regulation of t-SNARE function via intracellular cholesterol trafficking routes exiting late endosomes are discussed.

RESULTS
=======

As outlined in the *Introduction*, elevated AnxA6 levels reduce cholesterol, caveolin-1, and the number of caveolae at the cell surface ([@B14], [@B13]). On the other hand, it is well documented that reduced cholesterol levels in Golgi membranes interfere with post-Golgi vesicle transport ([@B87]; [@B60]). Furthermore, as SNARE proteins are concentrated in cholesterol-dependent clusters that define docking and fusion sites for exocytosis ([@B39]) and participate in post-Golgi transport ([@B10]), we hypothesized that Golgi cholesterol depletion induced by high amounts of AnxA6 might interfere with the cellular functioning of SNAP23 and syntaxin-4, two t-SNARE proteins involved in the secretory pathway.

Ectopic expression of AnxA6 alters SNAP23 and syntaxin-4 localization in CHO cells
----------------------------------------------------------------------------------

We first examined whether increased levels of AnxA6 affect t-SNAREs (SNAP23 and syntaxin-4) that have been linked to cholesterol-rich membrane domains at the PM. Therefore we initially compared the localization of SNAP23 and syntaxin-4 in CHO wild-type (CHOwt) and the well-characterized CHO-A6 cell line ([@B29], [@B28]; [@B62]; [@B70]; [@B14], [@B13]). CHOwt cells express low amounts of AnxA6, whereas AnxA6 levels in CHO-A6 cells are similar to AnxA6 expression levels observed in other commonly used cell lines, such as HeLa and NRK ([@B14]).

CHOwt and CHO-A6 cells were fixed in cold methanol and immunostained with antibodies to SNAP23 and syntaxin-4. In CHOwt cells, endogenous SNAP23 and syntaxin-4 staining was mainly observed at the PM ([Figure 1, A and B](#F1){ref-type="fig"}, arrowheads), but also in small punctate structures throughout the cytoplasm. However, in CHO-A6, PM association of SNAP23 and syntaxin-4 was strongly reduced, particularly the prominent labeling in the contact area between adjacent cells, which showed a rather homogeneous punctate pattern throughout the cell. Anti--syntaxin-4 also labeled perinuclear structures ([Figure 1B](#F1){ref-type="fig"}, arrows). Quantification of these studies (see below) revealed a significant reduction of SNAP23 and syntaxin-4 membrane labeling in CHO-A6 cells (see *Materials and Methods* for details). These observations were independent of cell confluency (unpublished data) and not due to changes in SNAP23 and syntaxin-4 expression levels upon AnxA6 overexpression, as CHOwt and CHO-A6 (the predominant model used in the present study) express comparable amounts of SNAP23, syntaxin-4, and other SNARE proteins (e.g., NSF and VAMP3) that might impact on SNAP23/syntaxin-4 localization (see [Figures 3, A--B](#F3){ref-type="fig"}, and [4, A--B](#F4){ref-type="fig"}). Importantly, analysis of localization of other SNARE proteins, such as syntaxin-3, VAMP2, VAMP3, and VAMP8, showed similar cellular distributions in CHOwt and CHO-A6 cells (Supplemental Figure S1).

![Localization of SNAP23 and syntaxin-4 in AnxA6-overexpressing cells. CHOwt and CHO-A6 cells were grown on coverslips, fixed in methanol, and immunolabeled with (A) anti-SNAP23 and (B) anti--syntaxin-4. Endogenous SNAP23 and syntaxin-4 are located at the PM of CHOwt (arrowheads) and predominantly in intracellular punctate structures of CHO-A6 cells (arrows). Squares indicate areas of interest for comparison. Scale bar: 10 μm.](4108fig1){#F1}

![TIRF-M and STED microscopy show altered SNAP23 and syntaxin-4 membrane clusters in CHO-A6 cells. CHOwt and CHO-A6 cells were grown on coverslips, fixed, permeabilized, and immunolabeled with (A) anti-SNAP23 and (C) anti--syntaxin-4. Distribution and quantification of SNAP23 and syntaxin-4 clusters at the basal PM was analyzed by TIRF-M as indicated (B and D; see *Materials and Methods* for details). The mean intensity, cluster coverage, and cluster density ± SD of (B) SNAP23 and (D) syntaxin-4 clusters in CHOwt and CHO-A6 reflects the data obtained for the sum of clusters visible in the evanescent field of a minimum of 20 cells. At least 10,000 clusters per cell line were analyzed. \*\*\* p \< 0.001 for Student\'s *t* test. Scale bar: 10 μm. Diameters of SNARE clusters were analyzed by nano-resolution STED microscopy (E--H). Representative fields (scale bar: 2 μm) and enlarged areas (scale bar: 1 μm) show details of these clusters in CHOwt and CHO-A6. Graphical representation of cluster diameter ± SD of at least 5000 clusters of (F) SNAP23 and (H) syntaxin-4 are shown.](4108fig2){#F2}

![Reduced association of SNARE proteins with DRMs in AnxA6-expressing CHO cells. (A) Crude Golgi membranes from CHOwt and CHO-A6 cells were isolated as described (see *Materials and Methods*). The enrichment of Golgi fractions was assessed by Western blot analysis and comparison with whole-cell lysates (WCL) using anti--mannosidase II (ManII) *cis*-Golgi marker, anti--Na^+^K^+^-ATPase (PM), anti-Rab4 (early endosomes), and anti-Sec61 (endoplasmic reticulum). Increased amounts of SNAP23 and syntaxin-4 were detected in Golgi fractions from CHO-A6 cells. (B and F) Analysis of raft-associated SNARE proteins in CHOwt and CHO-A6. Crude membranes of both cell lines were solubilized in cold 1% Triton X-100 and separated on discontinuous sucrose gradients (see *Materials and Methods* for details). Fractions were collected from top to bottom and analyzed by Western blotting for the distribution of (B) SNAP23, synataxin-4, and VAMP3, and (F) caveolin-1 (Cav1), Na^+^K^+^-ATPase, flotillin, and AnxA6 as control. Fractions corresponding to DRMs (membrane rafts; fractions 3 and 4) are indicated. Nonmembrane raft--associated proteins are found in the soluble fractions 7--13. Representative gradients are shown. The relative amount ± SD of (C) SNAP23 and (D) syntaxin-4 in DRMs from three independent experiments was quantified and is given in (%). White bars, CHOwt; black bars, CHO-A6 cells. (E) Cholesterol (μg/mg cell protein) and protein content of each fraction was determined (see *Materials and Methods*).](4108fig3){#F3}

![Increased SNAP23/syntaxin-4 assembly in CHO-A6 cells. Cell lysates from CHOwt and CHO-A6 cells were immunprecipitated (IP) with control (NRS), (A) anti--syntaxin-4, or (B) anti-SNAP23 and analyzed by Western blotting for coimmunoprecipitation of SNAP23, syntaxin-4, VAMP3, and NSF, as indicated. Blots from representative experiments are shown. NRS, normal rabbit serum. The amount of total syntaxin-4, SNAP23, VAMP3, and NSF in cell lysates used for immunoprecipitations from both cell lines is comparable and shown. A small arrowhead in (A) indicates nonspecific immunoglobulin G staining.](4108fig4){#F4}

Hence AnxA6-induced changes in SNARE localization appeared specific for several cholesterol-sensitive t-SNAREs. As AnxA2 has been found to interact with caveolin--cholesterol complexes ([@B76]) and translocates to membrane rafts, possibly to regulate/stabilize raft formation ([@B58]), we analyzed the distribution of SNAP23 and syntaxin-4 in CHOwt cells overexpressing AnxA2-green fluorescent protein (GFP). In AnxA2-GFP--transfected cells, no changes in the distribution of these t-SNAREs was observed, further emphasizing that AnxA6-induced alterations in SNAP23, and syntaxin-4 localization are likely specific within the annexin family (Figure S2).

Importantly, similar results were obtained when anti-SNAP23 or anti--syntaxin-4 staining was compared in A431 wild-type (A431wt) cells, which lack endogenous AnxA6 ([@B77]; [@B28]), and the stable AnxA6-expressing A431-A6 cell line (Figure S3, A and B). In contrast, stable AnxA6 knockdown HeLa cells (HeLa-A6-KD) showed increased SNAP23 and syntaxin-4 PM localization (Figure S3C). Thus AnxA6-induced t-SNARE mislocalizations are not specific for the CHO-A6 cell line and elevation of AnxA6 levels per se correlates with reduced amounts of these t-SNAREs at the PM.

Three separate microscopy approaches to improve the analysis and to quantify the alterations in the distribution of SNAP23 and syntaxin-4 in CHO-A6 cells were performed: total internal reflection fluorescence microscopy (TIRF-M), isolated membrane sheets, and super-resolution stimulated emission depletion (STED) microscopy. [Figure 2, A and C](#F2){ref-type="fig"}, shows representative images of the immunocytochemical analysis of SNAP23 and syntaxin-4 performed by TIRF-M (see *Materials and Methods* for details). CHOwt and CHO-A6 cells were fixed and labeled with antibodies to SNAP23 and syntaxin-4, and the basal PM was examined. At the same TIRF excitation depth (80--150 nm), discrete SNARE clusters in both cell lines were observed. Further supporting mislocalization of t-SNAREs in cells with elevated AnxA6 levels, the mean fluorescence intensity of each cluster and the number (density) and area coverage of SNAP23 and syntaxin-4 clusters decreased significantly in CHO-A6 cells ([Figure 2, B and D](#F2){ref-type="fig"}, respectively). Similarly, while the quantitative analysis of isolated membrane sheets from CHOwt and CHO-A6 cells stained with anti-SNAP23 or anti--syntaxin-4 showed an overall distribution of clusters similar to other cell lines ([@B39]), area coverage and density of SNAP23 and syntaxin-4 clusters was reduced in CHO-A6 cells (Figure S4).

To further characterize these SNARE clusters, we imaged CHOwt and CHO-A6 cells using superresolution STED microscopy. STED microscopy achieves nanoscale resolution, which gives a higher lateral resolution than TIRF or confocal microscopy. As shown by TIRF-M, the number and the intensity of SNAP23 and syntaxin-4 membrane clusters decreased in CHO-A6 cells. Interestingly, STED microscopy revealed that the individual area of clusters was almost identical in CHOwt and CHO-A6 cells (145 ± 35 nm, syntaxin-4; 136 ± 30 nm, SNAP23). These findings correspond to similar electron microscopy data obtained from endothelial cells ([@B64]; [Figure 2, E--H](#F2){ref-type="fig"}). Together, results from TIRF and STED microscopy strongly suggest that CHO-A6 cells not only have fewer cholesterol-dependent SNARE clusters in the PM but also that these clusters appear to contain a lower density of molecules per cluster.

Characterization of SNAP23 and syntaxin-4--containing compartments in AnxA6-expressing cells
--------------------------------------------------------------------------------------------

To identify whether alterations of t-SNARE protein localization in CHO-A6 cells could be confirmed by biochemical means, we first performed a crude membrane separation that, in support of the immunocytochemical data ([Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}), indicated decreased amounts of SNAP23 and syntaxin-4 in PM fractions of CHO-A6 cells (unpublished data). As these t-SNAREs could be accumulating in the Golgi apparatus (see below), we next isolated crude Golgi membranes and compared the relative amounts and distribution of SNAP23 and syntaxin-4 with Rab4 (early endosomes), Na^+^/K^+^-ATPase (PM), Sec61 (endoplasmic reticulum), and mannosidase II (ManII), a *cis*-Golgi marker. CHOwt and CHO-A6 express substantial amounts of both SNAP23 and syntaxin-4, as judged by similar and strong signal intensity using specific antibodies (see whole-cell lysate \[WCL\] in [Figure 3A](#F3){ref-type="fig"}). Increased amounts of SNAP23 and syntaxin-4 were clearly detectable in Golgi fractions isolated from CHO-A6 cells ([Figure 3A](#F3){ref-type="fig"}).

The integrity of t-SNARE localization at the PM is characterized by t-SNARE association with a distinct class of cholesterol-rich microdomains (membrane rafts) or detergent-resistant membranes (DRMs; [@B66]). To determine whether reduced cell surface localization of t-SNAREs in CHO-A6 cells would correlate with changes in their association with DRMs, we next compared the distribution of SNAP23 and syntaxin-4 from CHOwt and CHO-A6 cells in DRMs and soluble membrane fractions ([@B72]). Crude membranes from CHOwt and CHO-A6 cells were solubilized in cold 1% Triton X-100, and DRMs were isolated on the basis of flotation after ultracentrifugation in a discontinuous sucrose gradient (45%/35%/5%). Consistent with other reports, the majority of SNAP23 (65.3 ± 2.9%) in CHOwt cells was found in DRM fractions ([Figure 3B](#F3){ref-type="fig"}, fractions 3 and 4), with smaller amounts of SNAP23 distributing in the soluble fractions ([Figure 3B](#F3){ref-type="fig"}, fractions 7--13). Only a small, but significant, amount of syntaxin-4 (15.7 ± 2.0%) was detected in DRMs of CHOwt cells. In contrast, SNAP23 and syntaxin-4 from fractionated CHO-A6 cell lysates showed a strongly reduced association with DRMs (42 and 50%, respectively) and were predominantly found in the soluble (non-DRM) fractions ([Figure 3B](#F3){ref-type="fig"}; for quantification see [Figure 3, C--D](#F3){ref-type="fig"}). We also observed reduced amounts of VAMP3 in DRM fractions of CHO-A6 cells ([Figure 3B](#F3){ref-type="fig"}). In contrast to SNAP23 and syntaxin-4 ([Figures 1](#F1){ref-type="fig"} [--5](#F2 F3 F4 F5){ref-type="fig"}), these findings were not associated with altered VAMP3 localization (Figure S1C) but could be linked to changes in t-SNARE assembly in CHO-A6 cells (see [Figure 4](#F4){ref-type="fig"}). Consistent with reduced amounts of caveolin-1 and caveolae at the cell surface of CHO-A6 ([@B14]), these cells also exhibited reduced amounts of caveolin-1 in the DRM fractions ([Figure 3F](#F3){ref-type="fig"}). Interestingly, not only the distribution of non--raft-associated proteins (Na^+^/K^+^-ATPase), but also flotillin, another protein marker for raft membranes and DRMs, is comparable in both cell lines ([Figure 3F](#F3){ref-type="fig"}). FIGURE 5:SNAP23 and syntaxin-4 colocalize with caveolin-1 in Golgi membranes of AnxA6-expressing CHO cells. CHOwt and CHO-A6 cells grown on coverslips were transfected with caveolin-EGFP (cav-GFP; green), fixed in methanol, and immunolabeled with (A) anti-SNAP23 or (B) anti--syntaxin-4 (red) and anti-GM130 (blue), as indicated, and analyzed by confocal microcopy. Arrowheads highlight syntaxin-4 or SNAP23 at the PM and small arrows point to the colocalization in the perinuclear Golgi region of CHO-A6 cells. Scale bar: 10 μm.

To examine whether reduced amounts of t-SNAREs and caveolin-1 in DRM fractions of CHO-A6 would correlate with reduced cholesterol levels, we determined the cholesterol content in each fraction using an enzymatic-based assay ([Figure 3E](#F3){ref-type="fig"}). As expected, DRM fractions containing SNAP23, syntaxin-4, caveolin, and flotillin from CHOwt cell lysates were highly enriched with cholesterol ([Figure 3E](#F3){ref-type="fig"}, fractions 3--5). In contrast, DRMs isolated from CHO-A6 cells contained ∼40--50% less cholesterol. These findings are consistent with our previous data, showing a similar magnitude of cholesterol reduction in purified PM fractions ([@B14]). Altogether, this suggests that loss of cholesterol in DRMs at the cell surface of CHO-A6 cells contributes to the reduced cell surface localization and DRM association of t-SNAREs SNAP23 and syntaxin-4.

AnxA6 interferes with SNAP23/syntaxin-4 assembly
------------------------------------------------

To determine whether AnxA6-induced changes in the cellular distribution and DRM association of SNAP23 and syntaxin-4 could be indicative of altered t-SNARE complex composition, we performed immunoprecipitation experiments. Similar amounts of syntaxin-4 could be immunoprecipitated from CHOwt and CHO-A6 cells ([Figure 4A](#F4){ref-type="fig"}). Most strikingly, while only small amounts of SNAP23 coprecipitated with syntaxin-4 in CHOwt, large amounts of SNAP23 were identified in syntaxin-4 immunocomplexes from CHO-A6 cells ([Figure 4A](#F4){ref-type="fig"}). Reciprocal coimmunoprecipitations confirmed enhanced SNAP23/syntaxin-4 assembly in CHO-A6 compared with CHOwt cells ([Figure 4B](#F4){ref-type="fig"}).

SNAP23 and syntaxin-4 interacting with VAMP3 (cellubrevin) in endothelial cells has been described ([@B49]; [@B65]). Therefore we also examined the capacity of VAMP3 to form ternary complexes with SNAP23 and syntaxin-4 in CHOwt and CHO-A6 cells. Similar to the weak interaction of SNAP23 with syntaxin-4 in CHOwt, only small amounts of VAMP3 coimmunoprecipitated with SNAP23 and syntaxin-4 in the control cells. In contrast, the amount of VAMP3 in SNAP23 and syntaxin-4 forming t-SNARE complexes was highly increased in CHO-A6 cells ([Figure 4, A and B](#F4){ref-type="fig"}). Interestingly, increased VAMP3 assembly with SNAP23 and syntaxin-4 in CHO-A6 cells appeared specific, as the amount of VAMP3 in syntaxin-6 immunocomplexes ([@B88]) was comparable in CHOwt and CHO-A6 cells (unpublished data). Since the ATPase *N*-ethylmaleimide-sensitive factor (NSF) mediates the disassembly of SNARE complexes, we next examined if NSF was present in the t-SNARE complexes of CHO-A6 cells containing SNAP23 and syntaxin-4. Further indicating perturbed t-SNARE complex formation and the inability of SNAP23/syntaxin-4 complexes to properly disassemble (possibly in the Golgi; see below), syntaxin-4 and SNAP23 immunocomplexes of AnxA6-expressing cells contained only residual amounts of NSF ([Figure 4, A and B](#F4){ref-type="fig"}; [@B80]). As mentioned above, the expression levels of SNAP23, syntaxin-4, and NSF were comparable in both CHOwt and CHO-A6, further emphasizing that ectopic expression of AnxA6 impacts on cellular distribution, but not protein expression, of these t-SNAREs ([Figure 4, A--B](#F4){ref-type="fig"}; see also [Figure 3, A--B](#F3){ref-type="fig"}).

SNAP23 and syntaxin-4 have been implicated in caveolin transport and/or caveolae functioning ([@B64]; [@B10]). As CHO-A6 cells are characterized by 1) reduced cholesterol levels in DRMs ([Figure 3C](#F3){ref-type="fig"}) and the PM ([@B14]), 2) cholesterol-dependent caveolin retention, and 3) increased amounts of SNAP23/syntaxin-4 in crude Golgi membranes ([Figure 3A](#F3){ref-type="fig"}), we reasoned that SNAP23 and syntaxin-4 could be accumulating in the Golgi of CHO-A6 cells.

CHOwt and CHO-A6 cells were therefore transiently transfected with caveolin-GFP, fixed, immunolabeled with anti-GM130 and anti-SNAP23 or anti--syntaxin-4, and analyzed by confocal microscopy ([Figure 5, A and B](#F5){ref-type="fig"}). In CHO-A6 cells, some scattered, punctate SNAP23/syntaxin-4--stained structures that did not colocalize with early (EEA1, Rab4, Rab5), late (Rab7, LBPA), or recycling (Rab11) markers (unpublished data) were observed, possibly corresponding to non-*cis*-derived Golgi vesicles or secretory vesicles. More importantly, these experiments revealed, in support of increased SNAP23/syntaxin-4 assembly in Golgi membranes of CHO-A6, that endogenous SNAP23 and syntaxin-4, GM130, and ectopically expressed caveolin-GFP partially colocalized in the *cis*-Golgi region. This colocalization was not observed in CHOwt cells.

In summary, reduced SNAP23 and syntaxin-4 cell surface localization and association with DRMs is associated with a retention/sequestration of SNAP23/syntaxin-4/VAMP3 complexes in the Golgi apparatus.

Late endosomal cholesterol and cPLA~2~ regulate t-SNARE localization
--------------------------------------------------------------------

Treatment of cells expressing low/undetectable AnxA6 levels (CHOwt, A431wt) with 3-β-\[2-(diethylamino) ethoxy\] androst-5-en-17-one (U18666A), a hydrophobic polyamine that promotes accumulation of cholesterol in late endosomes, or methyl arachidonyl fluorophosphonate (MAFP), a Ca^2+^-dependent cPLA~2~ inhibitor, abrogated caveolin export from the Golgi ([@B14], [@B13]). These studies established that late endosomal cholesterol drives cholesterol-dependent cPLA~2~ recruitment and activity in the Golgi to promote caveolin export. Utilizing these pharmacological agents, we examined whether inhibition of late endosomal cholesterol export or cPLA~2~ activity could be responsible for reduced cell surface localization of SNAP23 and syntaxin-4 in CHO-A6 cells.

First, CHOwt cells were incubated with U18666A, fixed, and immunolabeled with anti-SNAP23 and anti--syntaxin-4 ([Figure 6](#F6){ref-type="fig"}). Quantification of membrane labeling showed a differential effect of U18666A on the membrane location for these t-SNAREs (representative images are shown in Figure S5). Consistent with U18666A inducing an AnxA6-like phenotype, as judged by reduced Golgi and PM cholesterol levels, PM staining of SNAP23 and syntaxin-4 was reduced by 23 and 48%, respectively, compared with nontreated CHOwt cells ([Figure 6, A and B](#F6){ref-type="fig"}; for quantification see *Materials and Methods*). Similar to previous studies on caveolin-1, U18666A did not significantly alter the localization of either t-SNARE in CHO-A6 cells compared with nontreated CHO-A6 cells ([@B14]). In CHOwt cells, inhibition of cholesterol export from late endosomes reduces SNAP23 and syntaxin-4 cell surface association, mimicking the effect of AnxA6 overexpression on the localization of these two t-SNAREs. FIGURE 6:Sequestration of cholesterol in late endosomes and cPLA~2~ inhibition alters the cellular distribution of t-SNARE proteins in CHO cells. CHOwt and CHO-A6 cells were grown on coverslips, incubated with or without U18666A or MAFP, fixed, permeabilized, and immunolabeled with anti-SNAP23 or anti--syntaxin-4, as indicated. Quantification of PM labeling (%) ± SD for (A) SNAP23 or (B) syntaxin-4 in control (ctrl)-, U18666A-, and MAFP-incubated CHOwt (white bars) and CHO-A6 cells (black bars) is given. Approximately 300 cells per cell line per treatment were analyzed. \*\*\* p \< 0.001 for Student\'s *t* test. (C) CHOwt cells were treated with CD for 0, 30, 60, and 90 min, fixed, and stained with anti-SNAP23 and anti--syntaxin-4, as indicated. Arrows point at SNAP23 and syntaxin-4 at the PM (t = 0 min). Rectangles indicate areas at the PM without SNAP23 and syntaxin-4 labeling (t = 60--90 min). Arrowheads highlight SNAP23 and syntaxin-4 localization in perinuclear structures (t = 60--90 min). Scale bar: 10 μm.

Inhibition of cholesterol export from late endosomes reduces cholesterol delivery back to the PM ([@B55]; [@B89]; [@B14]). This could contribute to reduced cell surface association of SNAP23 and syntaxin-4 in CHO-A6 cells. Therefore CHOwt (and CHO-A6 cells, unpublished data) were treated with methyl-β-cyclodextrin (CD) to remove cholesterol from the PM, fixed, and stained for SNAP23 and syntaxin-4. While PM association of SNAP23 and syntaxin-4 was still apparent after 30 min in the presence of CD ([Figure 6C](#F6){ref-type="fig"}, arrows), extended incubation with CD (60--90 min) completely removed both of these t-SNAREs from the PM. Intense intracellular ([Figure 6C](#F6){ref-type="fig"}, arrowheads), Golgi-like labeling in the perinuclear region of CD-incubated CHOwt cells, especially with anti--syntaxin-4, was similar to that observed in CHO-A6 cells ([Figure 1B](#F1){ref-type="fig"}). Taken together, these findings strongly indicate that AnxA6 modulates cholesterol pools in late endosomes and at the cell surface to alter t-SNARE localization and functioning at the PM and Golgi.

We previously proposed late endosomal cholesterol as a driver for cholesterol-dependent recruitment of cPLA~2~ to the Golgi, followed by cPLA~2~-dependent vesiculation events that promote caveolin export to the cell surface ([@B13]). Therefore we next examined the effect of cPLA~2~ inhibition on t-SNARE localization. Indeed, MAFP strongly reduced PM labeling of SNAP23 (36%) and syntaxin-4 (60%) in CHOwt cells ([Figure 6, A--B](#F6){ref-type="fig"}). As expected, MAFP cells had much smaller impact on SNAP23 and syntaxin-4 membrane association in CHO-A6 cells. Thus and similar to our previous reports for caveolin-1 transport, retention of cholesterol in late endosomes (U18666A), as well as cPLA~2~ inhibition (MAFP), crucially affects SNAP23 and syntaxin-4 distribution within the PM in CHOwt cells, indicating that similar mechanisms are in place in cells with elevated AnxA6 levels. The slightly differential behavior of syntaxin-4 and SNAP23 toward U18666A and MAFP indicates that additional or independent mechanisms might be involved in determining their localization/assembly.

NPC1 and exogenous cholesterol restore t-SNARE distribution in CHO-A6 cells
---------------------------------------------------------------------------

The majority of AnxA6 proteins are targeted to the PM upon cell activation. In addition, a pool of AnxA6 proteins is recruited to late endosomes in a cholesterol-dependent manner, even in the absence of Ca^2+^ ([@B15]). This pool of AnxA6 proteins appears to interact with NPC1 and interferes with cholesterol export from the late endosomal compartment ([@B14]). However, given the proposed function for several annexins, including AnxA6, as regulators of membrane microdomain formation via direct protein--protein and protein--lipid interaction at the cell surface, we aimed to rule out that AnxA6 at the PM could be responsible for the mislocalization of t-SNAREs.

We therefore analyzed SNAP23 and syntaxin-4 localization in CHO cells expressing AnxA6 fused to the membrane anchors of H- and K-Ras (AnxA6-GFP-tH, AnxA6-GFP-tK; [@B53]). CHOwt cells transiently transfected with AnxA6-GFP-tK and -tH were immunolabeled with anti-SNAP23 or anti--syntaxin-4 antibodies and analyzed by confocal microscopy ([Figure 7, A and B](#F7){ref-type="fig"}). In cells expressing membrane-anchored AnxA6, cholesterol distribution, as judged by filipin staining, and caveolin immunostaining, was comparable to controls, indicating no major changes in membrane microdomains at the cell surface upon overexpression of lipid-anchored AnxA6 (unpublished data). Most strikingly, independent of H- or K-Ras anchors, membrane targeting of AnxA6 did not alter the distribution of SNAP23 or syntaxin-4 at the PM, where they colocalized with AnxA6 ([Figure 7, A and B](#F7){ref-type="fig"}, arrowheads). Furthermore, CHOwt cells expressing membrane-anchored AnxA6 did not show perturbed cholesterol (filipin) or caveolin-1 staining patterns characteristic for CHO-A6 cells (unpublished data). These findings strongly suggest that constitutive PM association of AnxA6 does not affect cell surface association of SNAP23 or syntaxin-4.

As further proof of principle and similar to the stable CHO-A6 cell line, transiently expressed AnxA6-YFP in CHOwt cells induced a significant loss of SNAP23 and syntaxin-4 membrane staining compared with nontransfected controls ([Figure 7, C and D](#F7){ref-type="fig"}). In all of these control experiments, levels of transiently expressed AnxA6 ± membrane anchors were comparable to those observed in the CHO-A6 cell line (unpublished data). In summary, these results strongly indicate that reduced membrane labeling of SNAP23 and syntaxin-4 is not due to the physical association of AnxA6 with the PM, but through AnxA6 pools regulating cholesterol transport pathways in other compartments, such as late endosomes.

We have previously shown that AnxA6 coimmunoprecipitates with NPC1, a cholesterol transporter in the late endosomal/lysosomal compartment. We also demonstrated that ectopic expression of NPC1 restored the cellular distribution of cholesterol and caveolin-1 in CHO-A6 cells ([@B14]). Given the findings described above, we speculated that NPC1 overexpression in CHO-A6 cells could reestablish SNAP23 and syntaxin-4 cell surface labeling. As hypothesized, expression of NPC1 in CHO-A6 cells reinstated the PM location of both SNAP23 and syntaxin-4 ([Figure 8](#F8){ref-type="fig"}). It is tempting to conclude from these experiments that reduced cholesterol export from late endosomes in CHO-A6 cells is responsible for t-SNARE rearrangements. The release of these t-SNAREs (SNAP23, syntaxin-4) toward post-Golgi pathways---as shown for caveolin-1---can be rescued by overexpression of NPC1.

![Membrane-anchored AnxA6 does not alter the localization of SNAP23 and syntaxin-4. CHOwt cells were grown on coverslips, transfected with membrane-anchored AnxA6-GFP-tH and -tK (green), fixed, permeabilized, and immunolabeled with (A) anti-SNAP23 or (B) anti--syntaxin-4 (red), as indicated. Arrowheads point at SNAP23 and syntaxin-4 colocalizing with AnxA6. CHOwt cells were grown on coverslips, transfected with AnxA6-YFP (green), and then labeled with (C) anti-SNAP23 and (D) anti--syntaxin-4 (red). Rectangles indicate loss of SNAP23 and syntaxin-4 cell surface labeling in cell--cell contact regions of AnxA6-YFP--expressing cells. Scale bar: 10 μm.](4108fig7){#F7}

![Expression of NPC1 restores the membrane localization of t-SNAREs in CHO-A6 cells. CHO-A6 cells were transfected with NPC1-GFP (green), fixed, and immunolabeled with (A) anti-SNAP23 or (B) anti--syntaxin-4 (red), as indicated. Arrowheads point at SNAP23 and syntaxin-4 labeling at the PM. Scale bar: 10 μm.](4108fig8){#F8}

Finally, we reasoned that not only NPC1 overexpression, but also exogenous cholesterol would restore the exit from the Golgi complex of t-SNARE proteins in CHO-A6 on route to the cell surface, which presumably requires cholesterol. Indeed, addition of cholesterol (90 min) completely reestablished the membrane association and pattern of SNAP23 ([Figure 9A](#F9){ref-type="fig"}) and syntaxin-4 ([Figure 9B](#F9){ref-type="fig"}) in CHO-A6 cells. Thus, as shown for caveolin ([@B14]), addition of exogenous cholesterol in CHO-A6 cells appears to overcome the inhibitory action of AnxA6 on late endosomal cholesterol export, allowing release of SNAP23 and syntaxin-4 from the Golgi membranes, and thereby restoring their PM location.

![Exogenous cholesterol restores SNAP23 and syntaxin-4 PM localization. CHO-A6 cells were grown on coverslips, incubated with (+ cholesterol) or without (control) exogenous cholesterol for 90 min, fixed, and immunolabeled with (A) anti-SNAP23 or (B) anti--syntaxin-4. Rectangles highlight PM regions without SNAP23 and syntaxin-4 staining. Arrowheads point to the PM of cholesterol-treated CHO-A6 cells. Scale bar: 10 μm.](4108fig9){#F9}

Annexin A6 overexpression reduces fibronectin and TNF-α secretion
-----------------------------------------------------------------

Since SNAP23 and syntaxin-4 regulate post-Golgi exocytic pathways ([@B32]), we hypothesized that elevated AnxA6 levels causing SNAP23/syntaxin-4 mislocalization should be associated with loss of SNAP23/syntaxin-4 function, as judged by reduced secretion of cargo (along the exocytic pathway). Therefore we measured the amount of fibronectin (FN) secreted into the media of CHOwt and CHO-A6 cells ([@B1]; [Figure 10A](#F10){ref-type="fig"}). Consistent with AnxA6 inhibiting t-SNARE function, FN secretion was strongly reduced in CHO-A6 cells after 24 h (31%) and 48 h (53%). Similarly, stable expression of AnxA6 in A431 cells (A431-A6; [Figure 10C](#F10){ref-type="fig"}) or AnxA6 overexpression and knockdown in HuH7 (HuH7-A6 and HuH7-A6-KD) hepatoma cells correlated with decreased and increased FN secretion, respectively ([Figure 10B](#F10){ref-type="fig"}).

![Fibronectin and TNF-α secretion in AnxA6-overexpressing cells. (A) CHOwt and CHO-A6; (B) HuH7wt, HuH7-A6, and HuH7-A6-KD; and (C) A431wt and A431-A6 cells were cultured to confluence and then serum-starved for 24 h. The media was collected and analyzed by Western blotting for the amount of secreted fibronectin (FN). (D) A431wt and A431-A6 and (E) MDA-MB-436 and MDA-MB-468 cells were stimulated with 100 ng/ml LPS for 16 h. Aliquots of the media were analyzed for the amount of secreted TNF-α by using a commercial ELISA.](4108fig10){#F10}

Finally, we determined the secretion of tumor necrosis factor α (TNF-α) upon lipopolysaccharide (LPS) stimulation, which has been shown to require SNAP23 and syntaxin-4 ([@B36]; [@B46]), using an enzyme-linked immunosorbent assay (ELISA)-based assay in A431 cells ± AnxA6 and in MDA-MB-436 and MDA-MB-468, two breast cancer cell lines characterized by high and low levels of AnxA6, respectively ([@B85]). In support of high AnxA6 levels inhibiting SNAP23/syntaxin-4--dependent exocytic pathways, secretion of TNF-α in A431wt cells was significantly higher compared with A431-A6 cells ([Figure 10D](#F10){ref-type="fig"}). Furthermore, MDA-MB-436 with high AnxA6 levels showed much less LPS-inducible TNF-α secretion compared with MDA-MB-468 cells ([Figure 10D](#F10){ref-type="fig"}). It should be noted that Okayama and coworkers determined exocytosis of secreted alkaline phosphatase (SEAP) to remain unchanged upon RNA interference knockdown of SNAP23 and syntaxin-4 ([@B57]). Incomplete gene silencing; compensation through other SNAREs; different combinations of SNAREs being required for SEAP and FN/cytokine release, possibly along multiple and different intracellular routes; and AnxA6-induced changes that go beyond alterations in cholesterol homeostasis could explain these differences. Altogether, our findings support a model of AnxA6 levels determining the involvement of SNAP23 and syntaxin-4 in constitutive FN/cytokine release through changes in Golgi cholesterol.

DISCUSSION
==========

This study shows that impaired cholesterol egress from late endosomes in cells with high AnxA6 levels is associated with the altered cellular distribution and assembly of SNAP23, and syntaxin-4, both t-SNARE proteins of the secretory pathway. Ectopic expression of Niemann-Pick type C1 (NPC1) or exogenous cholesterol restores the location of SNAP23 and syntaxin-4 within the PM. Conversely, U18666A-induced accumulation of late endosomal cholesterol and MAFP-mediated cPLA~2~ inhibition induce an AnxA6-like phenotype in control CHOwt cells with low AnxA6 levels. Therefore we conclude that reduced cholesterol availability in AnxA6-overexpressing cells perturbs cPLA~2~ translocation to the Golgi, a process necessary for driving cholesterol-dependent t-SNARE complex localization, assembly, and functioning. Importantly, t-SNARE accumulation in Golgi membranes of cells with high AnxA6 levels correlates with reduced secretion of cargo along the constitutive and SNAP23/syntaxin-4--dependent secretory pathway.

AnxA6-mediated SNARE regulation
-------------------------------

Annexins have long been considered as potential regulators of cholesterol-rich membrane microdomains at the PM ([@B23]; [@B41]; [@B30]; [@B19]). This was considered to occur mainly via annexins interacting directly with other regulatory proteins or lipids, thereby creating and stabilizing membrane microenvironments. Accordingly, annexins possibly alter the lipidic environment---including cholesterol---at the PM ([@B4]; [@B16]). In addition, annexins could potentially interact with key players regulating membrane dynamics at the cell surface, such as members of the SNARE superfamily, including t-SNAREs, within membrane rafts ([@B66]). However, to our knowledge, only AnxA2 has been identified as binding SNAP23 in alveolar type II cells ([@B86]) and interacting with VAMP2 for exocytosis in chromaffin cells ([@B83]).

Along these lines, AnxA6 is predominantly found at the PM, and although AnxA6 has not yet been identified in t-SNARE complexes, one could speculate that these AnxA6 pools may participate in the regulation of SNARE membrane association and assembly. For instance, AnxA6 could compete with SNARE proteins in PM microdomains through interacting and/or rearranging the cortical actin cytoskeleton ([@B53]), potentially impairing the formation of syntaxin-4--actin protein complexes ([@B6]). As has been proposed for other annexins in this framework of molecular rearrangements, elevated AnxA6 levels at the PM could potentially alter phospholipid asymmetry, which could then modify the affinity/efficiency of SNAREs to bind and form clusters. However, SNAP23 and syntaxin-4 localization remained unchanged in cells expressing membrane-anchored AnxA6. While we cannot completely rule out a role of PM--bound AnxA6 in microdomain formation, altered properties of membrane-anchored AnxA6 in control experiments ([Figure 7](#F7){ref-type="fig"}), and t-SNARE functioning in other cell types, we conclude from our studies in CHO, A431, and HeLa that AnxA6 protein pools acting in other cellular compartments are responsible for SNAP23 and syntaxin-4 mislocalization in certain cell types. Results presented here strongly suggest that AnxA6 indirectly regulates SNAP23 and syntaxin-4 localization/assembly via reducing the availability of cholesterol at the Golgi and PM. The formation/stability of t-SNARE--containing membrane clusters (e.g., syntaxin-3, syntaxin-4, SNAP23) at the cell surface seems to possess differential sensitivity toward cholesterol, depending on the cell type analyzed. Certainly, treatment with CD in MDCK, endothelial, or CHO cells reveals similar trends, but slightly different impacts on SNARE cluster formation ([@B64]; [@B44]). Importantly, the formation of SNARE clusters at the PM depends on the transport of specific SNARE proteins through the secretory pathway and the concomitant availability of cholesterol, which regulates post-Golgi trafficking in a complex and stepwise manner. As CHO-A6 cells are characterized by an increased coimmunoprecipitation of SNAP23 and syntaxin-4, which correlates with significant colocalization of both proteins with caveolin-1 in the Golgi, one can speculate that insufficient cholesterol delivery to the Golgi is the driving force that causes retention of SNAP23 and syntaxin-4, which ultimately explains the differential spatiotemporal formation of SNARE complexes in CHO-A6 cells.

Consistent with AnxA6 inhibiting caveolin-1 export through inhibition of cholesterol-dependent cPLA~2~ recruitment and vesiculation events in the Golgi ([@B13]), cPLA~2~ inhibition in CHOwt strongly reduced PM labeling of SNAP23 and syntaxin-4. As outlined below, these observations correlate with several studies that implicated cPLA~2~ and its product, arachidonic acid (AA), in SNARE trafficking and complex formation. Polyunsaturated fatty acids (PUFAs), including AA, are also modulators of syntaxins. PUFAs promote membrane curvature and, indirectly, the fission/fusion of vesicles. In this manner, cPLA~2~ primes membrane fusion through AA production to induce the release of secretory vesicles ([@B40]). It has been proposed that local cPLA~2~ action results in transiently high AA concentrations at the membrane where syntaxins reside, before AA diffuses deeper into the cytosol. Furthermore, syntaxins appear to sense high PUFA concentrations, which would stimulate SNARE interactions. AA induces the so-called "syntaxin-opened" conformation, which forms a Munc18-containing t-SNARE complex. Depletion of AA inhibits syntaxin-4 from forming SNARE complexes ([@B11]). And last, addition of AA or treatment with cPLA~2~ is sufficient to stimulate SNARE complex formation in vitro ([@B71]).

Inhibition of late endosomal cholesterol export alters the location and function of t-SNARE proteins in AnxA6-overexpressing cells
----------------------------------------------------------------------------------------------------------------------------------

Microscopic studies and biochemical analysis of DRMs demonstrated that cholesterol depletion disturbs SNARE microdomains ([@B9]), indicating that SNARE proteins are enriched in membrane rafts and that the integrity of SNARE-containing domains depends on cholesterol ([@B73]; [@B75]). However, uneven alterations in the distribution of SNARE proteins after cholesterol depletion have been reported, ranging from moderate to complete disintegration of SNARE domains ([@B39]), indicating that lipids are important for SNARE domain integrity but that other regulatory mechanism, including additional protein--protein interactions, might also be required.

Studies presented here implicate AnxA6 expression levels as one of those yet unknown fine-tuning modulators of cholesterol-dependent SNARE microdomain and complex formation. Although increased t-SNARE endocytosis in AnxA6-overexpressing cells cannot be completely ruled out as contributing to the phenotype observed, the ability of AnxA6 to impact on SNARE localization and functioning is probably linked to its association with late endosomes, which plays a crucial role in cholesterol trafficking and homeostasis. Late endosomes are a sorting station and are capable of exporting cholesterol via vesicular ([@B50]; [@B84]) and nonvesicular (protein-mediated) transport mechanisms involving NPC1 ([@B22]) and cytoplasmic sterol-binding proteins (e.g., oxysterol-binding protein/OSBP-related proteins \[OSBP/ORPs\], ORP5; [@B56]; [@B18]) or through StAR-related lipid transfer domain (START)-domain proteins ([@B78]; [@B2]; [@B33]). In CHO-A6 cells, cholesterol accumulates in late endosomes, probably due to AnxA6 interference with NPC1 activity. In these cells, AnxA6 is not only recruited to late endosomes, but also colocalizes and coimmunoprecipitates with NPC1 ([@B14]; [@B81]). Moreover, in CHO-A6 cells NPC1 overexpression not only rescues cholesterol homeostasis and caveolin transport ([@B14]), but also the association of SNAP23 and syntaxin-4 with the PM. The fact that another t-SNARE, syntaxin-6, has also been linked to cholesterol transport from late endosomes to the TGN ([@B84]) and caveolin transport ([@B10]) indicates that inhibition of late endosomal cholesterol transport to the Golgi and reduced cPLA~2~ activity via upregulated AnxA6 levels, NPC deficiency, or pharmacological cPLA~2~ inhibitors might go beyond SNAP23 and syntaxin-4 with respect to t-SNARE functioning.

The role of AnxA6 in secretion has not been extensively investigated, but in line with the data presented here, the available evidence suggests that AnxA6 inhibits rather than potentiates the secretory process ([@B12]; [@B17]; [@B59]). We previously identified a significant diminution of vesicular stomatitis virus G protein transport (a well-characterized marker for constitutive transport through the secretory pathway) in CHO-A6 cells ([@B14]). In this paper, we provide evidence that high levels of AnxA6 reduce secretion of cargo (FN, TNF-α) that requires SNAP23 and syntaxin-4 function. In summary, the present data provides novel molecular insights into our understanding of constitutive protein secretion and identifies the delivery of late endosomal cholesterol to the Golgi as a new pathway linking cholesterol with t-SNARE functioning. Future studies will have to determine whether AnxA6 expression levels are a common determinant for late endosomal cholesterol regulation of t-SNARE localization, assembly, and functioning in various cellular processes and cell types.

MATERIALS AND METHODS
=====================

Reagents and antibodies
-----------------------

Nutrient Mixture Ham\'s F-12, DMEM/F12 (1/1), Roswell Park Memorial Institute (RPMI) 1640, and DMEM were from Biological Industries (Kibbutz Beit-Haemek, Israel). Filipin, CD, saponin, water-soluble cholesterol, and polyclonal anti-fibronectin were from Sigma-Aldrich (St. Louis, MO). Protein A was from Thermo Scientific (Pierce, Lafayette, CO). U18666A and MAFP were from BIOMOL Research Laboratories (Plymouth Meeting, PA). Paraformaldehyde was from Electron Microscopy Sciences (Hatfield, PA), and Mowiol from Calbiochem (San Diego, CA). Polyclonal antibodies anti-SNAP23, anti--syntaxin-3, anti-VAMP2, anti--syntaxin-4, and anti-AnxA6 were prepared in our laboratories and have been described elsewhere ([@B29]; [@B48]; [@B15]; [@B82]; [@B68]). Polyclonal and monoclonal anti--caveolin-1, anti-flotillin, anti-GM130, and anti-Rab4 were from BD Transduction Laboratories (BD Biosciences, Franklin Lakes, NJ). Monoclonal anti-actin was from MP Biomedicals (Solon, OH); polyclonal anti-Sec61 and monoclonal anti-Na^+^/K^+^-ATPase were from Upstate (Millipore, Billerica, MA). Polyclonal anti-Rab7 was from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-VAMP3 (Cellubrevin) and anti-VAMP8 (Endobrevin) were from Synaptic Systems (Göttingen, Germany). Anti-NSF was from Santa Cruz. Alexa Fluor--conjugated secondary antibodies were from Molecular Probes (Invitrogen, Carlsbad, CA). Anti--mannosidase II was kindly donated by Angel Velasco (University of Seville, Seville, Spain). Horseradish peroxidase--conjugated secondary antibodies were from Bio-Rad (Hercules, CA). The enhanced green fluorescent protein (EGFP)- and yellow fluorescent protein (YFP)-tagged caveolin-1 and AnxA6 expression vectors ± H- and K-Ras lipid anchors have been described elsewhere ([@B14]; [@B53]; [@B85]). The NPC1-GFP was kindly provided by P. G. Pentchev (National Institutes of Health \[NIH\], Bethesda, MD).

Cell culture
------------

CHOwt and CHO-A6 cells were grown in Ham\'s F-12; A431wt, A431-A6, HeLa, HeLa-A6-KD, and HuH7 were grown in DMEM; MDA-MB-436, and MDA-MB-468 were grown in RPMI 1640 with insulin (0.3 U/ml), together with 10% fetal calf serum, [l]{.smallcaps}-glutamine (2 mM), penicillin (100 U/ml), and streptomycin (100 μg/ml) at 37°C, 5% CO~2~. The generation of the stable AnxA6-overexpressing CHO cell line (CHO-A6) and A431 cell line (A431-A6) has been described in detail ([@B29], [@B28]; [@B62]; [@B14]; [@B85]). To generate AnxA6-overexpressing HuH7, we transfected HuH7 cells with pcDNAanx6 ([@B29]) and selected in the presence of 1 mg/ml G418. After 2 wk, G418-resistant and AnxA6-overexpressing HuH7 cells were identified. For the generation of HeLa and HuH7 cells with stable AnxA6 knockdown (HeLa-A6-KD, HuH7-A6-KD), (1--2) × 10^6^ HeLa cells were transfected with 1.5 μg Sure­Silencing shRNA plasmid (SABiosciences, Frederick, MD) targeting human AnxA6 at position 352--372 (5′-gcaaggacctcattgctgatt-3′) and Lipofectamine 2000 according to the manufacturer\'s instructions. After 48 h, cells were selected in the presence of 100 μg/ml puromycin. After 2 wk, puromyin-resistant and AnxA6-depleted colonies were identified. For transient transfections, (1--2) × 10^5^ CHO cells were transfected using Effectene (Qiagen, Valencia, CA) or Lipofectamine 2000 (Invitrogen) per the manufacturer\'s instructions.

Cholesterol, U18666A, MAFP, and CD treatments
---------------------------------------------

For the addition of cholesterol, cells were incubated with 30 μg/ml cholesterol for 90 min (premixed for 60 min in DMEM by gentle agitation). For the accumulation of cholesterol in late endosomes, cells were treated 16 h with 2 μg/ml U18666A, as described previously ([@B15]; [@B14]). Filipin staining was used to visualize the accumulation of free cholesterol. For the inhibition of Ca^2+^-dependent cPLA~2~ activity, cells were incubated with 15 μM MAFP for 60 min as described previously ([@B31]). In some experiments, cells were treated ± 10 mM CD for 0--90 min.

Immunoprecipitation
-------------------

CHOwt and CHO-A6 cells were grown on 10-cm dishes, washed with phosphate-buffered saline, and solubilized in TGH buffer (1% Triton X-100, 10% glycerol, 50 mM NaCl, 50 mM HEPES, pH 7.3, 1 mM Na~3~VO~4~, 10 mM NaF, 1 mM phenylmethylsulfonyl fluoride \[PMSF\], 10 mg/ml leupeptin, 10 mg/ml aprotinin) followed by centrifugation at 12,000 × *g* for 10 min at 4°C. Protein from supernatants (500--800 μg) was incubated for 2 h with rabbit polyclonal anti--syntaxin-4 or rabbit preimmune serum as negative control, which was followed by another 60 min upon addition of protein A-Sepharose. Immunoprecipitates were washed twice in TGH supplemented with 150 mM NaCl, and then once without NaCl. For SNAP23 immunoprecipitations, the same protocol (in 50 mM Tris, 100 mM NaCl, 0.1 mM CaCl~2~, 0.5% Triton X-100) was used ([@B10]).

Immunofluorescence
------------------

Cells were grown on coverslips and fixed with 4% paraformaldehyde for 30 min, washed, permeabilized with 0.1% saponin for 10 min, blocked with 0.2% bovine serum albumin for 10 min, and incubated with primary and secondary antibodies as described previously ([@B63]). For the syntaxin-4 and SNAP23 labeling, cells were fixed with cold methanol for 2 min. Finally, samples were mounted in Mowiol, and cells were observed using a Leica DMI 6000B epifluorescence inverted microscope equipped with an HCX PLAN APO 63×, oil-immersion objective. Images were also captured with a Leica TCS SP5 laser-scanning confocal microscope equipped with a DMI6000 inverted microscope, blue diode (405 nm), argon (458/476/488/496/514), diode-pumped solid-state (561 nm) and helium-neon (594/633 nm) lasers (Leica). To visualize the basal PM, an Olympus IX81 inverted microscope with TIRF illumination and a 1.45 numerical aperture, 150×, oil-immersion TIRF objective equipped with a diode-pumped solid-state laser operating at 488 nm was utilized (Olympus Corporation). Images were captured using a Hamamatsu Orca-ER digital camera and Olympus CellR software.

STED microscopy
---------------

Samples from CHOwt and CHO-A6 cells were fixed, stained, and mounted in Prolong as described above and imaged using a true confocal scanning (TCS) STED (Leica Microsystems) superresolution fluorescence microscope equipped with a 1.4 NA, 100× objective. Confocal images of immunostained cells were obtained for Oregon Green (syntaxin-4 and SNAP23), which was followed by imaging Oregon Green by applying STED resolution. Pixel size was 25.8 nm. STED excitation was performed with a 488-nm diode laser, depletion was achieved via a MaiTai tunable laser (Spectra-Physics, Santa Clara, CA) at 592 nm, and emission was collected at 496--578 nm using photomultiplier tubes.

Image analysis
--------------

Image analysis was performed with ImageJ software [@B69]). To quantify the membrane fluorescence intensity of syntaxin-4 and SNAP23 staining in CHOwt and CHO-A6 cells, images captured using identical microscope settings were systematically screened, and the PM intensity was determined by looking for the intercellular apposed membranes. Double-blind membrane-targeting quantifications were performed for over 300 cells in independent experiments for each cell line and condition. One-way analysis of variance was applied to highlight statistical differences between the treatments.

For cluster quantification, nonedged cellular areas from TIRF and STED microscopy images were locally thresholded and clusters were selected through the ImageJ particle analysis function. For each cluster, the full width at half-maximum was determined by calculating maximum and minimum intensity locally. Cluster intensity, area, and density from raw images were then calculated. Quantitative data are expressed as the mean ± SD. A paired Student\'s *t* test was used to establish the statistical significance of differences between the means.

PM sheets preparation
---------------------

For membrane sheet preparation ([@B3]), cells were cultured on round glass coverslips coated with 0.1 mg/ml poly-[l]{.smallcaps}-lysine (Sigma-Aldrich), washed with KOAc buffer (25 mM HEPES, 115 mM KOAc, 25 mM MgCl~2~, pH 7.4), sonicated with a Branson ultrasonics sonifier (model 250, 40% duty cycle, output 6; Danbury, CT), and washed with KOAc buffer. Membrane sheets were fixed for 30 min at room temperature in 4% paraformaldehyde, washed, and immunostained with primary antibody, followed by secondary A488-coupled antibody. Cell rupture was monitored by phase-contrast microscopy. Membrane sheets were always counterstained with filipin and visualized by reflection. Only intact, flat membrane sheets stained with filipin and visualized by reflection were used for quantification.

Isolation of subcellular fractions and DRMs
-------------------------------------------

For the isolation of DRMs, cells were washed three times and then resuspended in 1 ml HES buffer (20 mM HEPES, 1 mM EDTA, 250 mM sucrose, pH 7.4) supplemented with 1 mM Na~3~VO~4~, 10 mM NaF, 1 mM PMSF, 10 μg/ml leupeptin, and 10 μg/ml aprotinin. Cells were homogenized by 10 passages through a 22-gauge needle and centrifuged at 245,000 × *g* for 90 min at 4°C. Membranes (pellet) were resuspended in 1 ml of MBS buffer (25 mM MES, 150 mM NaCl, pH 6.5) containing 1% Triton X-100 plus the protease inhibitors and were then incubated at 4°C for 20 min. Solubilized membranes were resuspended with 10 passages through a 22-gauge needle and 1 ml homogenate was added to an equal volume of 90% (wt/vol) sucrose in MBS (45% final sucrose \[wt/vol\]) and overlaid with 2 ml 35% sucrose and 1 ml 5% sucrose. Samples were centrifuged at 240,000 × *g* for 17 h, and 450-μl fractions from top to bottom were collected ([@B72]).

Golgi membranes were isolated from CHOwt and CHO-A6 cells as described previously ([@B13]). In some experiments, crude cellular fractionation was performed to isolate PM/low-density membrane (PM/LDM) membrane fractions using a previously described method ([@B47]). All procedures were carried out at 4°C. In brief, five 10-cm plates for each condition were rinsed twice in cold phosphate-buffered saline and homogenized in HES buffer containing protease inhibitors (10 μg/ml aprotinin, 10 μg/ml leupeptin, and 250 μM PMSF) by 20 passes through a 23-gauge needle. The homogenate was centrifuged at 16,000 × *g* for 15 min. The pellet was washed, layered onto 1.12 M sucrose, and centrifuged at 100,000 × *g* for 70 min at 4°C. The membranous layer above the sucrose cushion contained highly enriched PMs. Supernatant from the initial spin was subsequently centrifuged at 38,700 × *g* for 20 min. The resulting supernatant contained the LDM-enriched fraction.

Western blot analysis
---------------------

CHOwt and CHO-A6 cell lysates, gradients, and immunoprecipitations were separated by SDS--PAGE and transferred to Immobilon-P (Millipore) and then incubated with primary antibodies and the appropriate peroxidase-conjugated secondary antibodies and enhanced chemiluminescence detection (Amersham Biosciences, GE Healthcare, Waukesha, WI). Protein content was measured by the methods of Lowry and Bradford, respectively ([@B45]; [@B7]).

Cholesterol measurements
------------------------

The amount of cholesterol in DRMs and soluble membrane fractions was determined using the Amplex Red Cholesterol Assay Kit (Molecular Probes) as previously described ([@B14]). Results were normalized to total cellular protein.

Fibronectin and TNF-α secretion
-------------------------------

CHO (3 × 10^6^ cells) in Ham\'s F-12 containing 10% FCS and HuH7 (3 × 10^5^ cells) and A431 (1.5 × 10^5^ cells) in DMEM containing 5% FCS were grown for 48 h (to confluence). Cells were washed and incubated in serum-free media for an additional 24 h (48 h for CHO cells). Media were collected and analyzed by Western blotting for the amount of secreted fibronectin. Positive immunoreactive bands were quantified densitometrically using ImageJ and normalized for the number of cells.

For the measurement of TNF-α secretion, 5 × 10^5^ A431, MDA-MB-436, and MDA-MB-468 cells (in triplicate) were stimulated with 100 ng/ml LPS (Sigma-Aldrich) for 16 h. TNF-α secretion in the media was determined by ELISA (BD Biosciences PharMingen; [@B36]) according to the instructions of the manufacturer and normalized to total cellular protein.
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